Keywords: living donor liver transplant neurological complications brain MRI a b s t r a c t Liver transplantation (LT) is a complex medicalesurgical procedure, accepted as the best treatment for end-stage liver disease of various etiologies. Relatively common occurrence of neurologic complications in post LT patients as compared to other solid organ transplantation is probably due to the poorer clinical condition of these patients (malnutrition, coagulopathy and electrolyte imbalance), pre-transplant encephalopathy and the highly complex and lengthy surgical procedure with major hemodynamic changes. Neuroimaging especially MRI plays an important role in localising and characterising the abnormalities to reach a presumptive diagnosis of these complications which helps in timely intervention.
Introduction
The first human liver transplantation was done by Thomas Starzl in 1963. 1 There has been continuous progress in the surgical techniques, immunosuppressive drug regimens and peri-operative patient care leading to increase post-transplant survival. 2 Neurological complications (NC) following liver transplantation (LT) are a major cause of morbidity, mortality and prolonged intensive care unit stay (Table 1) . NC varies from 10 to 75% after cadaveric liver transplantation. Due to shortage of the cadaveric liver allografts, live-donor liver transplantation (LDLT) has become a life-saving procedure. In 1989 the first clinical LDLT program was started by Broelsch at the University of Chicago. 3 LDLT is associated with significantly less NC as compared to cadaveric allografts (20% vs 27%). 4 NC in post LT is multifactorial in etiology, however, opportunistic infections and immunosuppressant therapy are considered to be responsible for most of them. 5 For this review, representative illustrations have been taken from patients of liver transplant who underwent MR imaging (3T Verio, Siemens Ltd, Germany) between 2011 and 2013 with a due to neurological symptoms. All conditions are proven on the basis of clinical presentation and course, biochemical analysis, histopathological results, and/or response to treatment.
Neurological complications can be broadly divided into following categories that are discussed in detail below. i n d i a n j o u r n a l o f t r a n s p l a n t a t i o n 9 ( 2 0 1 5 ) 2.1.
Posterior reversible encephalopathy syndrome (PRES)
PRES is a rare clinical neuroradiologic syndrome in post-LT recipients with an overall incidence of about <1%, similar to other solid organ transplants. Clinical presentation varies from mild headache, visual disturbances, seizures to altered sensorium and coma. 10 It is usually a reversible process, however late diagnosis and treatment results in irreversible brain injury. MR is the best initial imaging modality and reveals the vasogenic edema seen as symmetrical hyperintensity in the cortical and subcortical white matter of the parieto-occipital regions on T2/FLAIR sequence without diffusion restriction ( Fig. 2 ). Other areas like frontal, basal ganglia, cerebellum and brain stem may show similar changes in severe cases which may be associated with restricted diffusion and haemorrhage. 11, 12 PRES associated with vasculopathy and stroke is known as PRES plus. Associated haemorrhage occurs in 5%e17% of patients as reported by previous studies. 13 Very little is known about the pathophysiology of PRES, however, vascular process of hypertension with failed autoregulation leading to endothelial dysfunction and bloodebrain barrier leakage resulting vasogenic edema is most commonly identified. 10e12 The release of endothelin and reactive oxygen radicals from the calcineurin inhibitors act as powerful vasoconstrictors which lead microvascular damage and bloodebrain barrier disruption. Underlying hypertension is not seen in all of the PRES patients so other factors like infection, eclampsia, autoimmune disorders and Pre-LT history of alcoholic liver disease, chronic hypomagnesemia may also be responsible. 14 
Metabolic encephalopathy
The etiopathogenesis of metabolic encephalopathy in liver transplant recipients is under research, however multiple factors like deranged metabolism, hypoglycemia, drug toxicity and graft dysfunction are implicated. Precipitating factors are hypokalemia, infection, and gastrointestinal bleeding which increase the production of neurotoxin ammonia and gut-derived toxins leading to astrocyte swelling and neuroinflammatory changes. 15 
Osmotic demyelination syndrome
Preoperative hyponatraemic state of the cirrhotic patient and large fluid replacement during long surgery results in osmotic demyelination of pontine and extrapontine regions (basal ganglia, midbrain, thalamus and cerebellum) with an incidence of 1e8% in LT recipients and carries high mortality. 16 Clinical presentation varies from early hyponateremic seizures or encephalopathy to dysarthria, paraparesis, quadriparesis and coma as the sodium levels start recovering. No definite treatment exists, however slow correction of perioperative hyponatraemia prevents it. MRI is currently the best investigation of choice and shows diffusion restriction in central pons with triradiate appearance (Fig. 3.) insular and cingulate gyri with relative sparing of the perirolandic and occipital cortices ( Fig. 5 ). These cortical changes appear to be early imaging findings and potentially reversible if aggressive treatment is instituted. 19, 20 3.3.
Hypoglycemic encephalopathy
Hypoglycemic encephalopathy can be fatal if not treated in time. MRI shows bilateral symmetric diffusion restriction involving the temporal, occipital, insular cortex, and the basal ganglia with sparing of the thalami (Fig. 6 ). Involvement of the deep white matter may also occur. 20 
4.
Immunosuppressants drug toxicity
Cyclosporine and tacrolimus induced leukoencephalopathy
The relationship between the NC and immunosuppressants has been well established and drug neurotoxicity results in confusion, cortical blindness, quadriplegia, seizure and coma. Tacrolimus is associated with more frequent and more severe neurologic complications than cyclosporine. The mechanism of tacrolimus neurotoxicity may be similar to hypertensive encephalopathy. These agents results in endothelial toxicity which causes extracellular vasogenic edema predominantly in the subcortical and deep white matter of the occipital lobes and cerebellum, with variable involvement of frontal, parietal and temporal lobes similar to PRES. These changes are more marked on the FLAIR sequence seen as hyperintensity with increased diffusion on DWI ( Figs. 7 and 8) . With discontinuation of the responsible drugs and timely intervention, the signal changes are reversible. 21, 22 5.
CNS infections
Opportunistic i n d i a n j o u r n a l o f t r a n s p l a n t a t i o n 9 ( 2 0 1 5 ) 1 3 e2 9
Early CNS infections are related to pretransplant colonization, donor status and nosocomial infections. 23 The risk of acquired opportunistic infections increases in the intermediate phase and the responsible opportunistic pathogens are parasites, fungi, and viruses of the family of herpesviridae (herpes simplex virus type 1 and type 2, human herpes virus 6, cytomegalovirus, varicella zoster virus). After 6 months following the transplantation, the risk of infections gradually decreases as immunosuppressants are often tapered down. Fungal and viral infections are more common than bacterial and zoonotic infections after OLT. 24, 25 Clinically affected patients usually present with signs of meningitis, meningoencephalitis and focal brain dysfunction due to abscesses. Clinical presentation of meningitis varies from fever to chronic headache depending on its acute, subacute and chronic stages and different etiologic agents. 23 Focal brain infections or cerebral abscesses results in seizures and focal neurological deficit, have been reported in <1% post-transplant recipients. Fungal infections are the most frequent cause of post-transplant brain abscesses than bacterial infections. 26 Aspergillus is the most common fungal agent responsible for brain abscesses in transplant recipients incidence varies from 10% to 40% and usually presents with symptoms of an altered mental state (86%), seizures (41%), and focal neurologic deficits. Solitary or multiple ring enhancing lesions at the grayewhite matter junction especially in the frontoparietal cerebral lobes are the main imaging findings 27 (Figs. 9 and 10 ). Aspergillosis invasion of the blood vessels results in hemorrhagic infarction associated with thrombosis of medium-sized vessels. Fungal sinus disease can be seen as non-specific mucosal thickening to more aggressive sinus wall destruction and invasion to adjacent orbit and anterior cranial fossa. 28, 29 Cryptococcus neoformans is responsible for subacute meningitis and presents as minimal to thick meningeal enhancement along with basal ganglia enhancement ( Figs. 11  and 12 ). It is among the most common infectious agents causing subacute meningitis including mycobacterium tuberculosis and listeria monocytogens.
Mucor-like fungi results in progressive and rapid involvement of the deep paranasal sinuses, with direct intracranial and vascular invasion. On imaging, mucormycosis demonstrates opacification of the paranasal sinuses with bone destruction, inflammatory changes into the intraorbital fat ( Fig. 13 ), focal cerebritis, cavernous sinus thrombosis, haemorrhagic infarcts, leptomeningeal enhancement. Few cases of bilateral optic nerve infarcts ( Fig. 14) have also been reported in post LT patients secondary to invasive sinonasal and orbital mucormycosis. 30 Nocardia species disseminates to brain after lung infections and reported in 1e6% of solid organ transplant recipients resulting in early cerebritis to single or multiple brain abscesses (Fig. 15 ). Imaging findings are often nonspecific and depend on the stage of the infectious process. 31, 32 Cerebral abscesses formation also results due to either primary infection or reactivation of latent infection by toxoplasma which is most common protozoal infection in the transplant recipients. MRI shows multiple ring-enhancing lesions with preferential involvement of the periventricular region (Fig. 16 ). The diagnosis must be confirmed by serology, polymerase chain reaction assay for T. gondii, or tissue biopsy.
Viral infections with Human herpesvirus (HHV)-6 infection may lead to limbic encephalitis. Opportunistic viral infections such as cytomegalovirus and herpes simplex can cause encephalitis in these recipients. 23 Bacterial CNS infections are relatively rare after liver transplantation and show multiple ring enhancing lesions with DWI restriction and low ADC ( Fig. 17 ) and ventriculitis seen as ependymal enhancement (Fig. 11B ). CNS listeriosis, which results in meningitis and rhombencephalitis, usually responds to treatment. 23 Tuberculosis is also recognized following liver transplantation, and is more common in countries where TB is endemic and usually presents with multiple tuberculomas, tubercular abscesses and meningitis preferentially basal with exudates( Figs. 18 and 19) 33 . If supportive serologic and CSF assays are inconclusive, patients with such lesions are often started on anti-tubercular treatment. 33 Brain biopsy is sometimes necessary to make the accurate diagnosis so that early institution of therapy may be started.
Progressive multifocal leukoencephalopathy (PML)
PML is a progressive demyelinating disease, which results from reactivation of the polyomavirus JC virus (JCV) spreading to the brain and infecting glial cells, is seen exclusively in immunocompromised patients such as AIDS and transplantation. Patients usually present with rapidly progressive neurological disorder including altered mental status, motor deficits, gait ataxia, visual symptoms and seizures. Overall survival rate is very less with 1-year survival rate is <10% in non-HIV-related PML and in untreated HIV patients and the available treatment consists of either tapering or ceasing immunosuppressive drugs. The disease was first reported in renal transplant recipients with few isolated case reports in liver transplant recipients also. The brain biopsy is the gold standard for the diagnosis of PML, however, the white matter brain lesions, positive PCR for the JC virus in the cerebrospinal fluid and neurological involvement can aid in the diagnosis even in the absence of a brain biopsy. 34 Brain MRI shows diffuse multifocal, asymmetric periventricular and subcortical white matter lesions predominantly in parieto-occipital and frontal region including brainstem and basal ganglia with no significant mass effect (Fig. 20) . These nonenhancing lesions are hypointense on T1 and hyperintense on T2 weighted images. 35 
6.
Primary CNS post-transplantation lymphoproliferative disorder (PTLD) PTLD represents a spectrum of disordered lymphocyte proliferation in immunosuppressed transplant recipients most frequently due to primary or recurrent Epstein Barr virus (EBV) infection. PTLD is seen in 2e3% in adult LT recipients and CNS involvement is seen in 11% of which follows cerebrovascular disease and infection in frequency. The peak of diagnosis is between 20 and 28 months after transplant with a poor prognosis. PTLD after using of azathioprine-based regimen was seen more commonly involving CNS than cyclosporine based regimens. MRI is the imaging modality of choice and demonstrates multiple supratentorial periventricular lesions often with central necrosis, perilesional vasogenic oedema and ring enhancement similar to the PCNS lymphoma seen in i n d i a n j o u r n a l o f t r a n s p l a n t a t i o n 9 ( 2 0 1 5 ) 1 3 e2 9 immunocompromised patients. 1, 2 Single lesions and infratentorial involvements is also seen. Biopsy is required to differentiate from the other CNS lymphomas and lymphoid proliferations. 36, 37 
